Purpose: Surgical resection provides the only possibility of cure for pancreas cancer. A standard adjuvant approach has not been established. We tested the safety and efficacy of a granulocyte-macrophage colony-stimulating factor (GM-CSF)-based immunotherapy administered in patients with resected pancreatic adenocarcinoma.
endpoints were overall survival and toxicity, and the induction of mesothelinspecific T cell responses. Results: The median disease-free survival is 17.3 months (95% CI, 14. 6-22.8) with median survival of 24.8 months (95% CI, 21.2-31. 6 ). The administration of immunotherapy was well tolerated. In addition, the postimmunotherapy induction of mesothelin-specific CD8 + T cells in HLA-A1 + and HLA-A2 + patients correlates with disease-free survival. Conclusions: An immunotherapy approach integrated with chemoradiation is safe and demonstrates an overall survival that compares favorably with published data for resected pancreas cancer. These data suggest additional boost immunotherapies given at regular intervals beyond 1 year postsurgery should be tested in future studies, and provide the rationale for conducting a multicenter phase II study.
(Ann Surg 2011;253:328-335) P ancreatic cancer remains the fourth leading cause of cancer related death in the United States. 1 Surgical resection provides the only possibility of cure. However, the historical 5-year survival postresection remains approximately 15% to 20%, with 1 and 2year survival of 63% and 42% respectively. 2 A standard adjuvant treatment approach for patients with resected disease has not yet been determined. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] We developed irradiated GM-CSF transfected allogeneic whole cell tumor lines for pancreas ductal adenocarcinoma immunotherapy. 12 We previously reported that this immunotherapy treatment administered intradermally in sequence with chemoradiotherapy to patients with resected pancreatic adenocarcinoma induced posttreatment delayed type hypersensitivity (DTH) responses to autologous tumor cells in 1 of 3 participants receiving 1 × 10 8 cells and in 2 of 5 participants receiving 5 × 10 8 vaccine cells. The 3 DTH responders are the only participants who remain disease-free at 10+ years. Importantly, immunized lymphocytes from the DTH-responders were used to screen a number of differentially expressed genes in pancreatic cancer. All 3 DTH responders demonstrated a postimmunotherapy T cell response to mesothelin, a glycosyl-phosphatidylinositol (GPI)linked cell surface protein that likely serves as an adhesion molecule that promotes metastases. [13] [14] [15] [16] We now report the results of a single institution 60 patient phase II study testing the highest immunotherapy dose of GM-CSF secreting pancreatic tumor cells found to be safe and bioactive in phase I testing. This study was designed to estimate the disease-free and overall survival rates and the prevalence of mesothelin-specific T cell responses that are associated with immunotherapy treatment.
PATIENTS AND METHODS

Study Design
This was a single institution study of 60 patients with pancreatic adenocarcinoma who underwent pancreaticoduodenectomy (PD) at the Johns Hopkins Hospital (Baltimore, Maryland) between December, 2001 and November, 2004. Eligible patients received 5 × 10 8 vaccine cells at specified intervals integrated with adjuvant chemoradiotherapy and chemotherapy. The study was approved by the Johns Hopkins IRB and the FDA Center for Biologics Evaluation and Research.
Patient Selection
Main eligibility requirements included: histologic diagnosis of pancreatic ductal adenocarcinoma after R0 or R1 resection; enrollment within 10 weeks of surgery; no known second malignancies within 5 years of diagnosis of pancreatic cancer (other than carcinoma-in-situ of the cervix, superficial skin cancer, or superficial bladder cancer); Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1; no clinical evidence of metastases; no serious autoimmune or allergic disease requiring treatment with systemic corticosteroids; no systemic corticosteroids within 1 month before receiving the immunotherapy; adequate hematologic, hepatic, and renal function; and human immunodeficiency virus-negative status.
Procedures and Treatment
After obtaining informed consent, baseline studies were performed for tumor assessment [computed tomography (CT) scan and CA19-9 serum marker level measurements] and toxicity evaluation (complete blood counts with differential and platelets, complete chemistry profile, absolute eosinophil count, and serum amylase). The intervention and data collection schedules are diagrammed in Figure 1 . Patients received the first immunotherapy 8 to 10 weeks after pancreaticoduodenectomy. All patients underwent weekly toxicity monitoring that included a complete blood count with differential, chemistry profile, and serum amylase. Patients were assessed by CT scan (every 2-3 months) and measurement of CA 19-9 levels (monthly). Patients were subsequently treated with adjuvant radiation and 5-flurouracil (5-FU) chemotherapy as per the standard arm of RTOG 9704. 9 Patients who were still disease-free by CT criteria 4 to 8 weeks after completion of adjuvant chemoradiation were treated with up to 3 additional immunotherapies given 1 month apart and a final boost 6 months after completing the fourth immunotherapy treatment. Patients receiving the fifth immunotherapy were also asked to consider providing peripheral blood leukocytes by leukapheresis as per protocol. Two pancreas cancer cell lines (PANC 10.05 and PANC 6.03) were combined and tested in this study and have previously been described. 12, 17, 18 
ASSESSMENTS Toxicities
Toxicities were graded using the National Cancer Institute's cancer clinical trials common toxicity criteria CTCV2.0. Toxicities were identified by medical history, physical examination, and review of the laboratory studies performed.
IMMUNE MONITORING STUDIES
The methodology for the synthesis of peptides, ELISA assay for identifying reactive mesothelin peptides, mesothelin-specific T cell assays, enzyme-linked immunosorbent spot (ELISPOT) assays have previously been described. 12, 16, 17 
Statistical Considerations
Disease-free survival (DFS) is the primary endpoint and is defined as time from surgery until clinical evidence of disease (eg, CT scan) or death due to any cause. Individuals are censored with respect to DFS at the date of the last follow-up with documented disease status if they withdraw from the study, they have no evidence of disease at the time of analysis, or they are lost to follow-up. To obtain a conservative estimate of DFS, an individual is also censored at the date of last follow-up with a documented disease status if death occurs and the disease status is unknown. Overall survival is defined as the time from surgery until death, regardless of cause. At the time of trial design, the 1-year cumulative incidence of cancer recurrence or death in patients not treated with vaccine was 79.8%. We assumed that the failure rates would follow an exponential distribution and that the accrual and minimum follow-up periods would be 12 and 18 months, respectively. On the basis of these assumptions, a sample size of 60 patients was chosen to achieve 91% power to detect an increase in the percentage of individuals surviving at 1-year from 20.2% to 34.3% with a 2-sided type 1 error rate of 10%. 19 This is equivalent to an increase in the median progression free survival from 5.2 to 7.8 months, a 50% improvement.
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Statistical analyses were performed using R, 20 version 2.5.1. Descriptive statistics (means, ranges, counts, percentages) and plots (eg, bargraphs) were used to describe the characteristics of the study population and the immunologic endpoints. Postimmunotherapy responses were compared to pretreatment responses using 2-tailed Wilcoxon sign-rank tests. T cell repertoires were compared using logistic regression.
We also compared our clinical outcomes to a recent historical cohort of individuals who underwent surgery followed by adjuvant chemoradiation therapy (CRT) at Johns Hopkins University (JHU) between 1994 and 2005. Comparisons between the overall survival of the active treatment arm and the control group are made using Kaplan-Meier techniques and a log-rank test.
RESULTS
Patient Characteristics
Sixty patients were enrolled of a total of 83 screened ( Table 1 ). The most common cause for screening failure was disease progression (n = 17). As shown in Table 2 , the median age of patients enrolled onto the study was 62.5 years (range, 40-83 years). The majority of patients enrolled had moderate/poorly differentiated pancreatic adenocarcinoma (59/60 with at least Grade 2) and lymph node positive resections (53/60 patients or 88%). In addition, 32 of the 60 had carcinomas more than 3 cm in diameter, 18 of the 60 patients had positive margins, and 10 of the 60 patients had postoperation CA19-9 levels above 90 U/mL. Thirty-six of the 60 patients were still disease-free based on clinical and radiographic evaluation 1 month after completing adjuvant radiation and chemotherapy and were therefore able to continue on study. One participant developed a new melanoma that was diagnosed after the second immunotherapy and was taken off study. This participant eventually died of metastatic melanoma. Another participant with a history of heart disease had a cardiac event 2.1 months after completing the first immunization, which resulted in death. Thirty-six patients received the second immunotherapy, 33 received the third immunotherapy, and 28 received the fourth immunotherapy before demonstrating clinical or radiographic evidence of pancreatic cancer progression. Of the remaining 28 patients, 13 remained disease-free 6 months after receiving the fourth immunotherapy. These participants were eligible for and received a fifth and final immunotherapy boost.
GM-CSF secreting cell lines as immunotherapy is feasible and safe to administer to patients with resected pancreatic cancer.
No local or systemic dose-limiting toxicities were observed. A summary of all treatment related adverse events are described in Table 3 . The most common adverse events included erythema/induration or pain/soreness at the vaccine sites after each immunotherapy. These reactions were expected and self-limiting, lasting up to 1 week. These reactions increased in intensity but not duration in the majority of patients who received repetitive immunotherapy treatments. There was no evidence of autoimmunity or pancreatitis associated with repetitive immunotherapies. In addition, there was no evidence of enhanced or new toxicities associated with the chemoradiation given after vaccination.
Disease-free and overall survival associated with the GM-CSF secreting cell lines as immunotherapy integrated with chemoradiation following pancreaticoduodenectomy. margins were significantly associated with a decrease in overall survival (HR: 3.43, 95% CI, 1.22-9.62, P = 0.01 and HR: 1.85, 95% CI, 1.00-3.42, P = 0.05). A multivariable model was not used due to the strong relationship between margin and lymph node status. This study also compares patients treated with immunotherapy integrated with adjuvant chemoradiation and a historical cohort treated at the Johns Hopkins Hospital with surgery followed by adjuvant chemoradiation alone. The median and 1 year overall survival of patients included in the historical cohort were 20.3 months (95% CI, 18.0-23.9) and 81.8% (95% CI, 75.4-88.6%), respectively. The Kaplan-Meier curves suggest that there might be a benefit from vaccine over chemoradiation in the first 2 years after surgery (Figure 3 ). However, there was no significant difference in the median overall survival (HR: 0.96, 95% CI, 0.68-1.35, P = 0.8). A comparison with a subset of Johns Hopkins Hospital patients matched on tumor size, nodal status, and margin status produced nearly identical results (data not shown), and did not favor the immunotherapy group.
Post-immunotherapy induction of mesothelin-specific CD8 + T cells correlates with DFS in HLA-0101 and HLA-0201 patients.
Two HLA-A0101 and 2 HLA-A0201 binding mesothelin epitopes have already been identified by a previously described method. 16 Six new HLA-A0101 and 4 new HLA-A0201 binding mesothelin epitopes were identified using immunized lymphocytes from 2 immunotherapy treated patients to screen overlapping peptides spanning the entire mesothelin protein. We used an ELISPOT assay 16 to evaluate the number of cytokine expressing CD8 + T cells specific for FIGURE 2. A, Disease-free survival after treatment with allogeneic, irradiated, GM-CSF secreting pancreatic tumor cells as immunotherapy. The survival function is plotted with 95% confidence intervals. The median is denoted with a solid line. B, Overall survival after treatment with allogeneic, irradiated, GM-CSF secreting pancreatic tumor cells as immunotherapy. The survival function is plotted with 95% confidence intervals. The median is denoted with a solid line.
each of the mesothelin peptides before and after the first and final vaccinations (Table 4 ). Because screening was only performed to identify new HLA-A0101 and HLA-A0201 binding epitopes, we limited our ELISPOT analysis to the 25 HLA-A0101 + and 23 HLA-A0201 + patients, and to 1 HLA-A0207 + patient for whom pre-and Peripheral blood leukocytes from 2 vaccinated participants demonstrating prolonged disease-free survival were used to screen an overlapping mesothelin peptide library. Shown are the amino acid positions and sequences of the 6 newly identified HLA-A0101 binding (top) and 4 newly identified HLA-A0201 binding (bottom) mesothelin-derived 9mer epitopes. postimmunotherapy lymphocytes were available covering 43 of the 60 treated patients (6 patients expressed both HLA-A1 and HLA-A2).
CD8 + T cells specific for at least one mesothelin peptide were detected after the first immunotherapy treatment in the majority (38 of 43) of participants analyzed. Four of the 5 patients who did not demonstrate a T cell response to any of the studied mesothelin epitopes after the first treatment recurred before the second scheduled immunotherapy treatment. We pooled the ELISPOT data for patient subgroups focusing on the mesothelin peptide to which each individual subject demonstrated a maximum frequency of responding T cells ( Figure 4A ). By this analysis, when compared to pretreatment levels, significantly enhanced mesothelin peptide-specific responses were observed after the first (P = 0.02) and final immunotherapy (P = 0.01) in the group of participants remaining disease-free for greater than 3 years. However, postimmunotherapy mesothelin-specific responses were only significantly enhanced after the first (P = 0.02) but not the final (P = 0.84) treatment in the group of participants who had recurred within 3 years. Furthermore, postimmunotherapy mesothelin-specific responses were not significantly enhanced in the group of patients who recurred early, after receiving only the first immunotherapy (P = 0.29). Nearly identical results were obtained when T cell frequencies to the entire pool of mesothelin peptides were compared (data not shown). In addition to measuring CD8 + T cell responses to mesothelin peptides, we also measured responses to the positive control CMV/EBV/Influenza A (CEF) peptide pool in each participant at every time point. Although CEF pool responses were detected in all participants analyzed, postimmunotherapy changes in CEF poolspecific responses were not detected in any of the groups ( Figure 4B ). It is important to note that the 3 year DFS cut off was used for these analyses to ensure that we were capturing late recurring patients in the recurrence group.
Interestingly, significant differences in the repertoires of mesothelin peptides for which enhanced responses were measured were not observed among groups after the first immunotherapy. Enhanced T cell responses were observed to over 50% of the mesothelin peptides after the first immunotherapy in participants given multiple treatments and 38.7% of the peptides in participants given a single treatment. However, an expansion in the repertoire of mesothelinderived epitopes targeted after the final immunotherapy was observed in the group of patients who demonstrated longer disease-free survival (increased from 53.4% to 75.9%). In contrast, a reduction in the number of targeted mesothelin epitopes was observed in the group of patients who had recurred within 3 years (decrease from 50.7% to 45.8%). Consequently, after multiple treatments, a larger mesothelinspecific T cell repertoir was observed in participants demonstrating longer disease-free survival (P = 0.0002) ( Figure 5 ).
DISCUSSION
This single arm, single institution phase II study of allogeneic GM-CSF secreting cell lines as immunotherapy given in sequence with chemoradiation after pancreaticoduodenectomy supports the following 3 conclusions. First, the administration of up to 5 repetitive treatments with gene modified pancreas tumor cells is well tolerated in resected pancreatic cancer patients when sequenced with adjuvant chemoradiation. Second, the survival of patients receiving this immunotherapy in sequence with chemoradiation compares favorably with published data for resected pancreas cancer that report overall survivals ranging from 15 to 20 months. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Third, the induction and maintenance of enhanced postimmunotherapy mesothelin-specific T cell responses is associated with prolonged disease-free survival in the HLA-A1 + and HLA-A2 + patients who were analyzed.
These data confirm our phase I study findings that postimmunotherapy induction of mesothelin-specific CD8 + T cells correlates with improved DFS. 12, 16 In this phase II study, we extended our analyses to multiple HLA-A0101 and HLA-A0201 epitopes that derive from mesothelin. We observed that patients who remained disease-free demonstrated an increase in the number of epitopes against which their lymphocytes responded after the final immunotherapy treatment. One possible explanation for this finding FIGURE 4. Postimmunotherapy enhancement of mesothelin-specific CD8 + T cell responses in HLA-A0101 + and HLA-A201 + patients correlates with disease-free survival. IFN gamma ELISPOT assays were performed to measure the frequencies of CD8 + T cells specific for (A) mesothelin epitopes and (B) the CEF pool in peripheral blood leukocytes isolated from HLA-A1 + and HLA-A2 + patients for which pre-and posttreatment lymphocytes were available. Patients were divided into 3 groups: those receiving only one treatment (Single Vaccine, n = 17), those receiving multiple treatments who recurred within 3 years (DFS < 3 year, n = 18), and those receiving multiple treatments who remained disease-free for greater than 3 years (DFS > 3 years, n = 8). Mesothelin responses are reported for the epitope to which each individual patient showed a maximum response. Shown for each group is the median number of IFN gamma-secreting CD8 + T cells per 1 × 10 6 CD8 + T cells above background measured against irrelevant tumor antigens with the interquartile range. The maximum value for each group is listed above each column. Responses were measured before treatment (pretreatment), 14 days after the first immunotherapy treatment (postvaccine 1) and if given multiple treatments, 28 days after the final immunotherapy treatment (posttreatment). Postimmunotherapy responses were compared to pretreatment responses using 2-tailed Wilcoxon sign-rank tests and the calculated P-values are shown.
is that each patient has a different T cell repertoire with different response capabilities. A second possibility is that each patient's tumor, or antigen-presenting cells, processes different HLA epitopes for presentation to their T cells. These data suggest that the expansion of the T cell repertoire recognizing a more complete panel of antigen epitopes rather than the quantitation of one epitope specific T cell population, may be a better predictor of long-term DFS asso-ciated with this immunotherapy. Although we have demonstrated a correlation of the posttreatment induction of mesothelin-specific T cell responses with improved overall response, we have not directly demonstrated that mesothelin is the target antigen expressed by pancreatic tumors in this study. However, we have previously reported that mesothelin-specific T cells can lyse pancreas tumor cells that naturally expressed mesothelin. 16 FIGURE 5. Longer disease-free survival is associated with an expansion in the repertoire of CD8 + T cells targeted at mesothelin epitopes in HLA-A0101 + and HLA-0201 + patients. IFN gamma ELISPOT assays were performed to measure the frequencies of CD8 + T cells specific for mesothelin epitopes as described in Figure 4 . Patients were divided into 3 groups: those receiving only 1 treatment (single vaccine, n = 17), those receiving multiple treatments who recurred within 3 years (DFS < 3 year, n = 18), and those receiving multiple treatments who remained disease-free for greater than 3 years (DFS > 3years, n = 8). Shown are the percentage of mesothelin peptides per patient for which a postimmunotherapy enhancement, defined as a 2-fold or greater increase in the number of IFN gamma-producing peptide-specific T cells was measured after the first (postvaccine 1) and the final immunotherapy treatments (posttreatment, only for patients receiving multiple treatments). Bars represent the overall percentage of peptides for which an enhanced response was measured for each group. Group repertoires were compared using logistic regression and the calculated P values are shown.
It is interesting that mesothelin-specific T cell frequencies were higher at baseline in the patients who demonstrated shorter DFS. Although it is possible that elevated baseline frequencies may predict poorer prognosis, the significance of this finding is currently unclear. In light of these data, baseline levels will be closely monitored in future studies to further investigate the relevance of the baseline response.
Recent studies have implicated a negative role for Tregs in the clinical outcome of patients with cancer. Specifically, these studies have demonstrated that increased numbers of tumor-infiltrating Tregs are associated with poorer prognosis. 21, 22 In concordance with previous studies, immunohistochemical analysis of resected pancreatic cancer tissue revealed the presence of tumor-infiltrating Tregs. However, unlike other studies, we found that these Tregs were present in substantial numbers in all patient specimens tested (data not shown). Consequently, we were unable to determine the impact of Tregs on survival or on the induction of mesothelin-specific T cell responses. However, the common presence of Tregs in pancreas cancers highlights the importance of targeting the suppressive function of these cells in future studies even in patients with earlier stage disease.
In conclusion, these findings provide the rationale for conducting a multicenter phase II adjuvant study, which will be led by The Cancer and Leukemia Group B (CALGB) in 2010. These data also provide the rationale for additional boosting beyond 18 months after pancreaticoduodenectomy. Finally, these data support the further evaluation of mesothelin-specific T cells as a surrogate marker of disease-free survival.
